This study compared the ultrastructural differences of term placentae from human pregnancies resulting from assisted reproductive technology (ART) with term placentae from spontaneous human pregnancies. Term placentae were taken from women who had undergone an ART procedure (n ¼ 8) and matched with term placentae from women who had had a spontaneous pregnancy (controls, n ¼ 15). Using light microscopy (LM) and transmission-electron microscopy (TEM), terminal villi were evaluated with respect to the placental blood barrier, fetal capillaries, villous stroma, as well as cytotrophoblasts and syncytiotrophoblasts (ST) along with their substructures. No obvious differences were found between the ARTderived and control placentae when LM was used. With TEM, however, differences in the ultrastructural features were seen in the ART-derived placentae, specifically degenerative alterations of the terminal villi, mainly in ST, including a thicker placental barrier, decreased apical microvilli, and increased multiple vacuoles. The results demonstrate that some ultrastructural differences exist between ART-derived and control placentae with respect to the placental blood barrier, which may suggest maternofetal traffic downregulation following ART treatment. Further studies are required to understand the ultrastructural changes and their potential functional aspects in ART pregnancies.
INTRODUCTION
The placenta is a temporary organ with many physiological functions. It maintains fetal homoeostasis by providing an immune interface between the maternal tissues and fetal allograft, transports nutrients and waste products between mother and fetus, and acts as the source of many peptide and steroid hormones that influence fetal, placental, and maternal metabolism and development. The placental barrier is a critical structure required to accomplish these functions; it separates the maternal blood in the intervillous space from the fetal blood in the vasculature in the core of the villi. The placental barrier is made up of different overlapping structures, including a maternal-facing syncytiotrophoblastic continuous layer with multiple apical microvilli, an endothelium that lines fetal capillaries and their underlying basal membranes (BM), as well as the connective tissue of the villi between them. The majority of maternofetal exchanges that significantly influence placental development and fetal growth are believed to occur at the terminal branches of the chorionic villi. An abnormal placental ultrastructure has been reported to be associated with many kinds of pregnancy complications, such as preeclampsia [1, 2] , intrauterine growth retardation (IUGR) [3] [4] [5] [6] , gestational diabetes mellitus (GDM) [7] [8] [9] , intrahepatic cholestasis of pregnancy [10] , lysosomal storage disorders [11] , metabolic storage diseases [12] and other pregnancy complications [13] [14] [15] , suggesting that studying the placental ultrastructure could provide important evidence for understanding the physiopathology of pregnancy complications.
Assisted reproductive technology (ART) is defined as infertility treatments, such as in vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI), in which both the oocyte and sperm are handled in vitro. ART has helped thousands of subfertile couples conceive babies over the past 30 years [16, 17] . Although early studies suggested ART was safe, more recent research has caused some concern. Studies have shown that ART pregnancies could have worse perinatal or long-term outcomes, including preterm birth, low birth weight, congenital abnormalities, epigenetic-related diseases, or even cancer, compared with nonassisted pregnancies [18] [19] [20] . Over the past decade, researchers have undertaken preliminary morphological comparisons of ART-derived placentae and placentae from spontaneous pregnancies; however, contradictory results have been obtained. For example, two studies have reported no significant differences in the gross placental morphology between groups or in the mean birth weight of babies or placental:fetal ratios [21, 22] . Lalosevic et al. [23] , however, proposed that the incidence of villous edema and microcalcifications was increased in ARTderived placentae, although they did not know the reason.
Until now, the morphological information available about ART-derived placenta has been accumulated based on observations at the level of light microscopy (LM). However, because the placenta is a structurally complex organ composed of many cell types with different origins, it is necessary to obtain detailed information on the ultrastruc-ture of each placental region to precisely classify abnormal placentation. Ultrastructural study of ART-derived placentae helps to identify placental changes associated with ART procedures, which in turn may shed light on their causal relation to offspring health. The present study used both LM and transmission-electron microscopy (TEM) to compare the morphological appearance of human term, ART-derived placentae with those derived from spontaneous pregnancies.
MATERIALS AND METHODS

Subjects
Placentae were donated by women treated with ART (standard IVF, n ¼ 8) and by women who had had spontaneous pregnancies (controls, n ¼ 15). All women had singleton pregnancies, and their babies were delivered by Caesarian section during the years 2008 through 2010. Clinical data were collected from the Jiangsu Province Hospital Center of Clinical Reproductive Medicine database.
The inclusion criteria for ART subjects were as follows: maternal age between 20 and 35 yr; singleton pregnancy, full-term delivery, child birth weight between 2500 and 4000 g, no pregnancy complications or birth defects, and that couples undertook IVF because of maternal oviductal factors or male infertility (mild oligospermia) with or without maternal oviductal factor (this was done to prevent any interference caused by other infertility factors).
Placental specimens were collected from women with ART pregnancy (n ¼ 8) and women with natural pregnancy (n ¼ 15) (Table 1) , then matched based on parity, maternal age, gestational weeks at delivery, and infant sex ( Table 2) . Women in the ART group and in the control group did not differ in maternal age (P ¼ 0.21). For most women in both groups, this pregnancy was their first. Gestational weeks at delivery in both the ART and control groups ranged from 37.7 to 40.7 wk and did not differ between groups (P ¼ 0.27). No statistically significant differences were found in mean birth weight (P ¼ 0.56), baby weight:placental weight ratios (P ¼ 0.25), placental dimensions (length, P ¼ 0.60; width, P ¼ 0.35; height, P ¼ 0.58), or gross pathological features of the ART-derived and control placentae, which is in line with observations from another study [22] .
Ethics
The clinical application of ART was licensed by the Health Ministry of the People's Republic of China. All subjects signed an informed consent. The research protocol was approved by the Ethical Committee of the First Affiliated Hospital of Nanjing Medical University.
Term Placentae
Term placentae were collected and dissected immediately following delivery. All subsequent procedures were performed under sterile conditions. Fragments from the placental subchorial zone corresponding to the umbilical cord insertion were dissected (;5 cm away from site of cord insertion), avoiding areas of infarction and hematomas. Abnormal umbilical cord insertions, such as velamentous cord insertion, were also excluded. Placentae were cut longitudinally from the maternal side to the fetal side. Referring to a previous report from Sood et al. [24] , placental tissues were divided into three parts: maternal, middle, and fetal. The middle part, comprising homogeneous villous tissues, was collected and floated in ice-cold PBS, cleaned of blood, and then immediately cut into either six 1-3 1-3 0.5-cm fragments fixed with 4% paraformaldehyde or six 1-3 1-3 1-mm fragments fixed with 2.5% glutaraldehyde at 48C for further LM and TEM examination, respectively. To minimize the variation among villous tissue blocks collected from different placental sites in both the ART and the control group, three blocks from each placenta were randomly chosen and examined.
Hematoxylin-and-Eosin Staining
Three representative paraformaldehyde-fixed, paraffin-embedded blocks were selected from each placenta. Sections (thickness, 4 lm) were cut from each block and stained by hematoxylin and eosin (HE). Slides were observed under an Axioskop 2 Plus microscope (Carl Zeiss) and photographed. HEstained sections were carefully analyzed to provide a general view of the section and were confirmed to have appropriate histological features suitable for later analysis by TEM. 
TEM Examination
For each placenta, three villous tissue blocks were prepared to undergo ultrastructural examination using TEM. Samples were fixed in 2.5% glutaraldehyde in cacodylate buffer and stored in cacodylate buffer with 0.05 M saccharose (pH 7.2) at 48C until processing. The villous tissues subsequently were postfixed in 1% OsO 4 for 2 h at 48C, routinely processed in a graded series of acetone, then infiltrated with acetone-araldite and embedded in araldite. For orientation, semithin sections (thickness, 1 lm) were stained with thionine. Ultrathin sections (thickness, 80 nm) were treated (double contrast) with uranyl acetate (25 min) and 8% lead nitrate (5 min) and then systematically examined in a JEM-1010 electron microscope (JEOL Ltd.).
Terminal villi were evaluated with respect to the placental blood barrier (thickness of placental barrier, thickness of syncytiotrophoblastic BM, and thickness of endothelial BM), villous stroma (villous edema and fibrin deposition), and the cytotrophoblasts (CT) and syncytiotrophoblasts (ST) with their substructures (microvillous density per unit of surface area, cytoplasmic vacuolization, pyknosis, calcification, and other structures). Ultrastructural findings were compared with quantitative measured data and assigned a semiquantitative score based on the degree of alteration in their ultrastructure (Table 3 ). Five fields of vision for each tissue block were randomly selected and systematically investigated at 50003, 12 0003, and 25 0003 magnification to carry out a quantitative analysis. Thus, 15 random fields of vision were recorded and analyzed per placenta to minimize the individual differences. In each field of vision, the following three measurements were performed: 1) Thickness of the placental barrier was measured from the intervillous space to the fetal vessels, perpendicular to the BM under 50003 magnification, 2) microvillous density was counted per 10 lm of length under 12 0003 magnification, and 3) thickness of the syncytiotrophoblastic BM or endothelial BM was measured under 25 0003 magnification. Image-analysis method was employed to perform random measurement using the TEM Image Platform (Olympus). Two operators performing the microscopic analyses were blinded to placental group until the end of the study.
Statistical Analysis
Mean and SD (representing the average level of the individual and the detection error, respectively) were calculated from 15 random fields of vision per placenta. The mean was used to compare quantitative variables between groups, whereas for ordinal variables, the mean and SD of the ranks were calculated after getting the ranks of each observation in the 15 fields of vision for each placenta. The average rank was employed to analyze between groups for ordinal variables. Mean 6 SD and proportion were used as the descriptive statistics. STATA software (Version 9; StataCorp) was selected as the statistical platform. A P-value of 0.05 or less was considered to be statistically significant.
RESULTS
LM Analysis
Control placentae exhibited the normal morphophysiological characteristics of mature placentae (Fig. 1A) . Multigrade branching of villous trees lined with ST was observed, and in rare cases, scarce single cells of CT could be seen. Normal levels of perivillous fibrin depositions were found at the periphery of the placental villi. The villous stroma was composed of loose connective reticular tissues and many kinds of stroma cells, with no obvious calcifications or villous edema. Numerous blood vessels with clearly evident erythrocytes could be identified inside multiple placental villi. No obvious differences in the appearance of placental villi, stroma, or fetal blood vessels were seen in the ART-derived placentae compared with control placentae (Fig. 1B) .
In summary, LM results showed that both ART-derived and control placentae had normal microscopic histological features, indicating that the ART procedure did not affect the gross structure of the placentae. LM analysis also demonstrated that the samples were of sufficient quality to be analyzed using TEM.
TEM Analysis
In control placentae, the placental barrier was composed of ST, endothelium, and the space between them (Fig. 2, A-C) . ST was a continuous syncytial layer with multiple nuclei and numerous apical microvilli, whereas CT cells had a single, large nucleus and were scattered beneath the syncytium and could not be seen in all visual fields. BM of ST was a continuous, uniform, and thin basal lamina where collagen fibrils were occasionally deposited; this was the same as the BM of fetal endothelium. The stroma was the connective tissue core of the chorionic villous space separating ST from the capillary endothelial BM and contained different kinds of stroma cells and bundles of collagen fibrils.
In the ART-derived placentae, intact structures of terminal villi were seen (Fig. 2, D-F) . However, compared with the control placentae, degenerative alterations of the terminal villi, mainly in ST, were also seen, including a thicker placental barrier, decreased apical microvilli, and increased multiple vacuoles in ST.
The placental barrier was significantly thicker (P , 0.05) in the ART-derived placentae (7267.73 6 3057.68 nm) than in the control placentae (5634.45 6 2929.31 nm) (Fig. 3) . The BM of ST was thicker in the ART-derived placentae, but this difference was not statistically significant (P . 0.05) (Fig. 4) . The density of ST apical microvilli per surface area was significantly lower (P , 0.05) in the ART-derived placentae (42.88 6 19.69 per 10 lm) compared with control placentae (82.96 6 23.47 per 10 lm) (Fig. 5) , and even microvilli-free in some areas (Fig. 5C ). 
ULTRASTRUCTURE OF ART-DERIVED PLACENTAE
Interestingly, ST of ART-derived placentae frequently appeared to be more vacuolated, with moderately distended cisternae of rough endoplasmic reticulum, compared to those of control placentae (P , 0.01) (Fig. 6) . Among 120 fields of vision of eight ART cases, 57.50% of the fields showed moderate degenerative vacuolization and endoplasmic reticulum extension, 11.67% showed severe degenerative alteration, and only 3.33% appeared to have no degenerative alteration. However, in 225 fields of vision of 15 control placentae, 33.78% appeared to be normal, with no obvious vacuoles in their ST or extension in their endoplasmic reticulum, whereas 55.11% showed mild degenerative alteration and none had severe degenerative changes (Table 4) .
In addition, the amount of calcification in ST was more commonly observed in the control group than in the ART group (P , 0.01) ( Table 4 ). Other than those significant differences in the terminal villi, no differences were observed in any of the following parameters: incidence of pyknosis in ST, degree of edema, or amount of fibrin deposition in stroma (Table 4) .
DISCUSSION
Assisted reproductive technology has been widely used in clinical practice over the past 30 yr. Early studies showed that children born from ART pregnancies developed normally. However, in recent years, multiple well-designed studies have shown that ART is possibly linked to certain clinical implications. In recent studies [25, 26] , ART procedures, including both IVF and ICSI, have been shown to influence placental gene and protein expression associated with placentation. Transplacental transport is one of the most important impaired placental functions, although the underlying mechanism is still under investigation. Pathological examination of ART-derived placentae in the present study may provide important insights for future investigations. Therefore, any peculiarities of placental ultrastructures that could be correlated with ART procedures need to be identified. The data in the present study revealed a mild alteration of the placental barrier in ART-derived placentae, including thickening of the placental barrier, decreased density of syncytiotrophoblastic apical microvilli, and increased vacuoles observed in ST, all of which are potentially involved in the downregulation of transplacental transports and exchanges. To our knowledge, the present study is the first to systematically investigate ultrastructural changes in human term placentae derived from women who have undergone an ART procedure.
Because most placental metabolic exchanges take place through the terminal villi, any modification of their structures could affect placental functions and fetal growth. The current 638 study paid particular attention to the terminal villi, especially the placental barrier, the structural details of which were highlighted by TEM. The thickness of the placental barrier, along with the thickness of the BM of ST, was observed in the ART-derived placentae. It has been widely accepted that the diffusion distance is a critical factor in determining the ability of diffusional transfer across placentae [27, 28] , in addition to the transporter proteins expressed on the surface of the microvilli and basal plasma membranes of ST [29] . Thickening of the placental barrier has been thought to hinder transplacental transport, which is crucial for the transport of water, nutrients, and waste from the maternal to the fetal space to sustain normal placental and fetal development; it is also thought to interrupt ST-capillary communications. IUGR placentae have been observed to have thickened BM of ST, along with bundles of collagen fibril deposition [3] or reduced syncytial secretory activity [6] . In addition, significant thickening of trophoblastic BM has been noted in the placentae of women with severe hyperglycemia and fetal macrosomia, which affected fetal and neonatal well-being [8] . Thickening and separation of BM of the syncytium have been recognized in placentae derived from women who live at high altitudes [30] , suggesting that a hypoxic state could alter placental morphology. In the somatic cell nuclear transfer animal model, a diffuse thickening of subtrophoblastic BM was investigated in cloned, term placentae associated with high rates of fetal loss, indicating that germ cell manipulation probably causes abnormal placental ultrastructural morphology [31] . In the present study, the thickness of the placental barrier, including both ST and BM, in ART-derived placentae might a reflect the decreased ability and efficiency of transplacental transportation, possibly resulting from the hypoxia during embryo implantation or the gamete manipulation itself during ART processing, which might further affect placental and fetal development during the pregnancy.
Syncytiotrophoblastic microvilli form the maternofetal interface, where multiple important placental transporters are expressed and where the exchange of nutrients and waste products between the maternal and fetal circulatory systems takes place. Syncytiotrophoblastic microvilli are believed to be among the important structures responsible for transplacental metabolic exchanges [32, 33] . Apical microvillar density has been reported to be related to the degree of trophoblastic maturation [15] and has been regarded as the most involved ST structure under oxygen and nutrient exchanges [3] or functional stimuli in vitro [34] . Decreased microvillar density has been observed in IUGR placentae [3] , preeclampsia placentae [2] , and placentae from pregnancies with other complications [15] , indicating the decreased metabolic exchange state in abnormal placentae. In the in vitro cultural model, the surface microvilli were noted to be sparse, short, and unevenly distributed after exposure to hypoxia [35] . In the present study, a significantly decreased number of syncytiotrophoblastic microvilli was observed in ART-derived placentae; some ST even appeared to have a complete microvillar loss, resulting in a smaller exchange surface and an alteration of transplacental metabo- ULTRASTRUCTURE OF ART-DERIVED PLACENTAE lism. In addition, a recent study reported that several genes related to transplacental metabolic exchange have also been changed in ART-derived placentae [25] ; that study used gene microarray analysis, which verified this ultrastructural finding at the molecular level. Therefore, it is assumed that after ART treatment, microvillar density is reduced during the process of placentation, possibly along with altered expression of placental transporters, which subsequently results in the altered placental metabolic exchange. This might explain in part why the ART procedure is associated with many pregnancy complications, such as IUGR, preeclampsia, and GDM, although this transplacental function is compensated for in most ART pregnancies.
In the present study, ST frequently appeared to be vacuolated in ART-derived placentae when compared with control placentae. A wide cytoplasmic vacuolization has been detected as one of the important placental changes in GDM [9] . An in vitro study found that the number of vacuoles in the cytoplasm of trophoblasts isolated from term placentae cultured in a hypoxic atmosphere was increased and that glucose metabolism and transport was altered [35] . Moreover, changes in the number of vacuoles were also found in the hypoxia perfusion model [36, 37] , revealing that hypoxia could be the possible cause of vacuole formation. A heavy accumulation of cytoplasmic vacuoles in the trophoblastic cells was also noted in placental hyperplasia in an animal (mouse) model in which the oocytes underwent artificial manipulation. This was considered to be a consequence of defects in intracellular transport [38] . The presence of multiple vacuoles observed in the ST of ART-derived placentae in the present study suggests 
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there might be some alteration of placental intertrophoblastic transport, possibly caused by the local hypoxic environment during fertilization or by embryo manipulation during the ART procedure. It is speculated that the underlying cause for these pathological changes is hypoxia, but to our knowledge, no conclusive evidence for low oxygen concentration contributing to these pathologies has been presented so far.
One might think the alterations observed in the present study were the result of artifacts, because delayed or poor fixation with buffers of mismatched osmolality could cause the appearances described above [39] . However, all the placentae samples in our study, for both the ART and the control group, were collected at the same hospital during the same period and were strictly processed according to the same protocol as stated in Materials and Methods. Moreover, mitochondria and the endoplasmic reticulum are the most vulnerable organelles. The fact that the mitochondria observed in the present study appeared to be normal, with no obvious extension in the ST (Fig. 2F ) and in the CT (Fig. 6) , and the normal mitochondria alongside the vacuoles in placentae from the ART group were observed at higher magnification (Fig, 7) indicated that the alterations investigated in ART-derived placentae in this study were more likely attributable to the altered transplacental status caused by ART manipulations.
The present study has shown no obvious difference between ART-derived and control placentae with respect to microscopic histological features, suggesting that ART manipulation does not influence the gross structure of the human placenta. However, some ultrastructural differences do exist between ART-derived and control placentae in terminal villi, which might affect transplacental transport during placentation or reflect altered placental functions of ART-derived placentae. The ultrastructural analysis of ART-derived placentae provided here will better elucidate the mechanism of changed placentation following ART, although further in-depth studies are needed. 
ULTRASTRUCTURE OF ART-DERIVED PLACENTAE
In the present study, neither abnormal phenotypes nor microscopic alterations between ART-derived and control placentae were observed, in spite of the significant ultrastructural differences in the placental barrier. This may be attributed to a compensatory mechanism resulting from placental selfadaptation to an adverse environment. Moreover, because of the limited sample size, the present study is just the starting point in evaluating the safety of ART procedures. Large-scale analyses and molecular-level studies will certainly be required for the evaluation of ART offspring safety and even future adult health outcomes.
